Background and Aims The optimal algorithm to identify Lynch syndrome (LS) among patients with colorectal cancer (CRC) is unclear. The definitive test for LS, germline testing, is too expensive to be applied in all cases. Initial screening with the revised Bethesda Guidelines (RBG) cannot be applied in a considerable number of cases due to missing information. Methods We developed a model to evaluate the costeffectiveness of 10 strategies for diagnosing LS. Three main issues are addressed: modeling estimates (20-40 %) of RBG applicability; comparing sequential or parallel use of microsatellite instability (MSI) and immunohistochemistry (IHC); and a threshold analysis of the charge value below which universal germline testing becomes the most cost-effective strategy. Results LS detection rates in RBG-based strategies decreased to 64.1-70.6 % with 20 % inapplicable RBG. The strategy that uses MSI alone had lower yield, but also lower cost than strategies that use MSI sequentially or in parallel with IHC. The use of MSI and IHC in parallel was less affected by variations in the sensitivity and specificity of these tests. Universal germline testing had the highest yield and the highest cost of all strategies. The model estimated that if charges for germline testing drop to $633-1,518, universal testing of all newly diagnosed CRC cases becomes the most cost-effective strategy. Conclusions The low applicability of RBG makes strategies employing initial laboratory-based testing more costeffective. Of these strategies, parallel testing with MSI and IHC offers the most robust yield. With a considerable drop in cost, universal germline testing may become the most cost-effective strategy for the diagnosis of LS.
Introduction
Lynch syndrome (LS) remains the most common identifiable hereditary cause of colorectal cancer (CRC), accounting for 3 % of all cases [1, 2] . LS arises from a germline mutation in one of four mismatch repair (MMR) genes MLH1, MSH2, MSH6, or PMS2, or promoter hypermethylation of MSH2 resulting from a deletion in the 3' end of the EPCAM gene, resulting in microsatellite instability (MSI) and high predisposition to malignancy. While the lifetime CRC risk for individuals with LS is approximately 50 % [3] , they are also predisposed to endometrial, ovarian, stomach, small bowel, and urinary tract cancers [4] . Identifying affected individuals among patients with newly diagnosed CRC is important for probands as well as for at-risk relatives, in order to determine baseline risk and implement screening strategies for the LS-related malignancies. Devising a feasible, cost-effective algorithm for identifying LS-affected individuals is therefore and important objective.
The revised Bethesda guidelines (RBG), a set of clinical criteria that incorporate histopathology, age at CRC diagnosis, prior history of cancer, and family history of LSrelated malignancies have traditionally served as the first step in identifying CRC patients who are at higher than average risk for LS. Those who meet RBG undergo further evaluation, namely assessing tumor tissue for the presence of MSI (by PCR) and/or the expression of MMR proteins (by immunohistochemistry). A patient whose tumor is microsatellite unstable or does not express all four MMR proteins undergoes further evaluation to confirm or rule out the presence of a germline mutation.
While initiating the LS evaluation with RBG is inexpensive and does not require technical expertise, this traditional approach carries important pitfalls. First, published data suggest that clinicians frequently neglect to elicit a comprehensive family history from patients and that many patients are unable to provide such history [5] [6] [7] . Second, due to relatively low sensitivity, even when such information is gathered properly, RBG have been shown to miss a substantial number of LS diagnoses. For example, after analyzing 1,566 unselected CRC patients for MSI, Hampel et al. [1] demonstrated that 28 % of LS probands (proven by germline sequencing) did not fulfill RBG and therefore would have been missed had RBG applied as the initial screening test. Given that evaluating all newly diagnosed CRC patients with MMR germline testing would simultaneously decrease the number of missed LS diagnoses but substantially increase the cost of LS evaluation, identifying a strategy which maximizes clinical benefit while minimizing cost could significantly impact clinical practice.
The cost-effectiveness of screening strategies for LS has previously been studied and reported [8] [9] [10] [11] [12] [13] . In addition to the potentially detrimental effect of RBG's insensitivity, key components warrant further review, for example, simultaneous MSI and IHC testing, a strategy frequently used in clinical practice. Additionally, diagnostic algorithms for LS must now take into account the fact that a high proportion of cases of microsatellite-unstable tumors with absent MLH1 protein expression are caused by somatic inactivation of the MLH1 gene, which is often associated with a specific mutation (p.V600E) in the BRAF [14] . Finally, newer cost-effectiveness models must account for the fact that second-generation sequencing technology, which has substantially lowered the per-unit cost of DNA sequencing, may become inexpensive enough in the near future to warrant bypassing initial screening evaluation and proceeding directly to germline sequencing.
The current study evaluates the cost-effectiveness of several clinically relevant diagnostic strategies for LS among patients with newly diagnosed CRC and assesses the cost threshold below which direct MMR gene sequencing would become a cost-effective initial testing strategy.
Methods
We developed a decision-tree model to evaluate the costeffectiveness of multiple possible screening strategies for detecting LS in a population with CRC (Appendix 3). We started with a hypothetical cohort of 150,000 CRC cases to approximate the annual number of newly diagnosed cases in the USA [15] . The clinical effectiveness measure was defined as the number of true LS cases detected. For the purpose of this study, we included only the cost of screening and diagnostic tests (RBG, BRAF targeted mutation analysis, IHC, MSI, and MMR gene sequencing) and not the downstream costs of CRC. EpCam mutations were not considered in these models. Cost was considered from the perspective of the US healthcare system as a whole.
Data on the unit cost for each individual test were obtained from both prior studies and online laboratory websites (Appendix 1). The true cost of testing is not available from public data sources; therefore, we used the lowest charge of each test in the cost calculation. The cost of RBG was related to an average of outpatient clinic visit and genetic counseling in whom positive results are found. Data for the performance of diagnostic tests (sensitivity and specificity) were obtained by reviewing published literature identified using Medline and previously published models (Appendix 2). All modeling and calculations were performed using R version 2.14 (www.r-project.org).
We assumed that all patients diagnosed with CRC could enter one of ten mutually exclusive strategies: For each strategy, we calculated the total yield (LS cases detected) and the total cost. The true detection rate was defined as the number of LS cases detected divided by the true number of LS cases in the study population. The number needed to screen to detect one LS case (NNT) was calculated as the reciprocal of the true detection rate (1/true detection rate). The cost-effectiveness ratio, defined as the mean cost to detect one case of LS, was then calculated for each strategy. The incremental cost-effectiveness ratio (ICER) was defined as the difference in the mean cost per each additional LS case detected using one strategy over another.
In order to evaluate further RBG as an initial screen strategy, we performed two sensitivity analyses, in which we assumed that in 20 or 40 % of newly diagnosed CRC cases, respectively. RBG is not or cannot be applied due to missing or unavailable family history. We assumed that LS is present in 3 % of cases in whom RBG is in applicable. In addition, we performed a sensitivity analysis to examine the effect of a 10 % reduction in both sensitivity and specificity for each individual test on the ranking among all screening strategies in terms of the true yield and mean cost per LS detected.
We performed a break-even analysis of the MMR4 strategy #5 compared with other strategies. The break-even cost of a MMR4 test was defined by the cost at which the cost of strategy #5 becomes equal to the cost of a reference strategy per LS case detected and was calculated as the NNT of the reference strategy multiplied by its corresponding mean cost to detect one LS divided by the NNT of strategy #5.
Results
Our decision model compared the 10 screening strategies for detecting LS cases among the estimated 150,000 total annual number of patients diagnosed with CRC in the USA. Table 1 illustrates the cost and effectiveness of the tested screening strategies. The first four strategies that use Dig Dis Sci (2014) 59:2913-2926 2915 Table 1 Diagnostic yield of Lynch syndrome (LS) and cost per LS case detected among newly diagnosed colorectal cancer (CRC) using different screening strategies RBG as the initial screen were the least expensive strategies. These also had detection rates on the lower end of the spectrum (e.g., 80.1 % in strategy #3). The only RBG strategy with a high LS detection rate (90.5 %) was strategy #1, but it was also associated with a high cost of $51,612 per LS case detected. The LS yield was highest (99.5 %) in strategy #5 and intermediate (88.1-97.6 %) in strategies based on different combinations of IHC, MSI and BRAF testing (strategies 6-10). The total strategy cost was the lowest in RBG-based strategies, 365-497 % higher in strategies that used MSI/IHC/BRAF without RBG, and highest ([11 fold) in strategy #5. The detection rates were dramatically affected by an assumed 20 and 40 % inapplicability of RBG ( Table 2) . The LS detection rates were 64.1-72.4 % with 20 % inapplicable RBG and 48.1-54.3 % with 40 % inapplicable RBG (compared with detection rates of 80.1-90.5 % for the same four strategies assuming full applicability of family history information). In other words, 27.6-51.9 % of all LS-related CRC will be missed with strategies 1 (20 % applicable RBG) and 3 (40 % applicable RBG).
The cost-effectiveness of applying MSI and IHC testing simultaneously versus sequentially was examined (Table 1) . Strategy #6 (sequential with MSI testing first) had the lowest detection rate of 88.1 %, whereas strategies #8 (sequential with IHC testing first) and #9 (parallel IHC and MSI) had 97.1 % detection rates, and strategy #10 (parallel) had a detection rate of 97.6 %. However, sequential testing strategy #6 was the least expensive with an estimated cost of $76,172 per LS case detected, while the other sequential strategy (#8) cost $85,881, approximately $5,000 more than parallel testing strategy #9. Nevertheless, the comparative cost-effectiveness of these strategies (#6:$141, #8:$84, #9:$88 and #10:$85), as measured by ICER using strategy #3 (Table 3 ) as a base indicated that the two parallel testing strategies and the IHC first sequential testing strategy were nearly equivalent, and all three had a more favorable ICER than sequential strategy #6 (MSI first). Of the two strategies employing parallel testing, the total cost of strategy 9 was approximately 9 % less than strategy #10. The LS detection rate was only 0.5 % higher in strategy #10, making strategy #9 a dominant strategy (comparable yield and lower cost than strategy #10). Table 3 also demonstrates the incremental cost, incremental yield, and the incremental cost per each additional LS case detected using strategy #3 as a reference strategy to which other strategies were compared. The mean incremental cost of strategy 5 compared with #3 was $185,948, and the difference in the mean yield was an additional 873 LS cases with strategy #5. If we employed strategy #5 (the most expensive) over strategy 3 (the least expensive), screening costs $213 more for each additional LS case detected. If we employ strategy #1 over the strategy #3, screening costs $64 more for each additional LS case detected. Since strategy #5 had the highest detection of LS at 99.5 %, we evaluated the cost threshold (break-even point of cost) at which universal germline testing for all MMR genes becomes equal in cost per LS case detected compared with the other strategies ( Table 4 ). The current cost of testing a patient with germline DNA sequencing and deletion/duplication analysis used in our base case scenario is $6,200. Table 4 shows a break-even analysis cost of this approach. For example, if the unit cost of germline testing of all 4 MMR genes could be reduced to $1,518, then it would be comparable with the cost of RBG-based strategy #1, and if the unit cost could be reduced to $2,119, it would be comparable with MSI-based strategy #6. In Table 4 , the break-even unit cost of strategy #5 was $2,678 if 40 % of RBG information were not usable (not available or missing), as subsequent confirmatory tests would be equivalent to RBG-based strategy #1, in terms of cost per LS case detected. If 20 % of RBG information were not usable, the unit cost of strategy #5 at $2,009 would render it equivalent to RBG-based strategy #1 in terms of cost per LS case detected, but with a considerably higher yield.
We conducted additional sensitivity analysis of the effect of reducing both sensitivity and specificity for each individual test on ranking of strategies in terms of true yields and cost-effectiveness ratios. The findings of the model were robust to these variations, except when MSI NNT number need to test to detect one LS case and IHC were used as the initial screening strategies. Table 5 shows the findings of the model in which MSI sensitivity and specificity estimates were 10 % lower than those used in the base case analysis. The yield of strategies that use MSI alone (#7) or starts with MSI (#6) was reduced compared with base case. However, strategies use MSI as a follow up after IHC (#8) or in parallel to IHC (#9 and #10). Similar findings (data not shown) were observed for the sensitivity analysis in which IHC sensitivity and specificity were lower than base case estimates: strategies that use IHC as the first test (#8) but the yield of strategies using IHC and MSI in parallel were little affected.
Discussion
We have evaluated the yield and the estimated cost of multiple algorithms for detecting LS detection among all patients with newly diagnosed CRC in the USA. Some algorithms followed the traditional approach of using the RBG to identify patients for further testing, while others started with laboratory evaluation (either tumor or germline testing). Our model shows that starting with RBG can be cost-effective, but the relatively low sensitivity and feasibility of this strategy can dramatically reduce the detection rate and hence the effectiveness of RBG-based strategies.
In fact, the 20-40 % rate of inapplicable or inaccurate RBG seen in clinical practice reduced the cost-effectiveness of RBG-based screening below that of MSI/IHC based strategies. By comparing the cost-effectiveness of parallel versus sequential MSI and IHC testing, we found that parallel testing strategies have similar cost-effectiveness compared with sequential testing that starts with IHC and favorable cost-effectiveness compared with sequential testing that starts with MSI. Finally, in a break-even analysis, we calculated that a unit cost of $633-$1,518 (vs. the current cost of $6,200), would make universal germline testing become equal to other LS screening strategies tested in this study in terms of cost per LS case detected in the CRC population. A measure of external validity to our model is provided by consistent findings from previous cost-effectiveness studies that examined strategies similar to some of those in our model. A study by Mvundura et al., which calculated cost per LS case detected, incremental costs per life-year saved, and quality-adjusted life years showed that universal testing with MSI or IHC is a cost-effective method of LS diagnosis [8] . The most cost-effective strategy in their analysis was IHC testing followed by BRAF testing if MLH1 is absent and then targeted germline testing. In our study, strategies in which IHC was used as the initial test had higher LS detection rates, but also cost at least $4,000 more per LS detected than the MSI-based strategies. This finding is similar to that of Mvundura et al. [8] . The reason for the cost saving is that targeted germline testing is performed after a positive IHC testing, as opposed to testing for all 4 genes in the MSI-first strategy. Ramsey et al. [16] compared costs per LS case detected and added cost per life-year saved among 4 strategies: (1) original Bethesda Guidelines followed by MSI testing for those who met the criteria and, if MSI-H, then germline testing; (2) universal MSI testing, and if MSI-H, then germline testing; (3) germline testing for those who met original Bethesda Guidelines; and (4) germline testing on all patients regardless of history. This study concluded that strategies starting with the original Bethesda Guidelines were the most cost-effective but also resulted in the fewest LS probands detected. Our model both supports and extends these findings by examining the effect of RBG inapplicability on LS detection, comparing parallel versus sequential IHC and MSI testing, and providing a breakeven threshold at which germline testing in all CRC cases becomes the most cost-effective LS screening strategy.
The low effectiveness and applicability of RBG strategies in clinical practice decreases the cost-effectiveness of these strategies. A previous study reported that approximately 28 % of patients with LS did not fulfill the RBG criteria [1] . In addition, RBG application is dependent on healthcare providers' interrogation of patients with CRC and patients' knowledge of their family and personal history of cancer. A retrospective study of 499 consecutively diagnosed CRC patients at one VA facility showed that, although 57 (11 %) of patients met at least one of the RBG criteria, only 4 of these patients were referred for further genetic testing [17] . Therefore, with 20-40 % non-usable RBG information, the detection rates in RBG-based strategies in our model fall below 50 %, and it becomes important to take into account the number of missed LS patients. We did not evaluate prediction based models such as MMRPro, which are designed to predict MMR gene mutations [18] . Although these tools may be easier to implement then RBG, it is subject to similar limitations, as they rely on personal and family histories. Given that this information may be incomplete, unavailable, or inaccurate, the diagnostic yield is directly affected regardless of the history-based strategy employed. It is important to note that RBG was designed to select for MSI testing (as in our strategy # 3 and 4) and not to lead directly to mutational testing. We, however, included strategies # 1 and 2 with RBG as initial testing to IHC, and MMR to see if this method could improve the detection rate while decreasing the cost. Parallel testing with MSI and IHC may add to the feasibility of LS screening by reducing the need for sequential interdependent steps and by shortening the lag time from testing to definitive results. Our model indicates that parallel testing, when compared to a sequential strategy that employs IHC initially, yields similar diagnostic accuracy and cost, resulting in similar cost-effectiveness. Both strategies (#8 and #9) were very effective with a 97.1 % detection rate of LS and a cost around $80,000 per case detected. A sequential strategy that employs initial MSI testing is less costly but carries a less favorable costeffectiveness profile (higher ICER), due to the lower yield of identified LS cases compared with parallel testing strategies. Our findings with respect to sequential versus parallel testing with MSI and IHC were sensitive to relatively small changes in the sensitivity and specificity of these tests. A 10 % reduction in both sensitivity and specificity of MSI (Table 5) had a large effect on the yield of the strategy that uses MSI only and on the sequential strategy that starts with MSI followed by IHC, while having relatively small effect on strategies that use parallel testing with MSI and IHC. The reason that sequential strategy (e.g., #8) cost more than parallel MSI/IHC was that there are a much larger number of CRC patients who were with IHC/MSI normal who required the relatively expensive full MMR 4 tests.
Recently Moreira et al. [19] evaluated MMR universal screening compared with other strategies including Bethesda Guidelines and found that universal tumor testing had the greatest sensitivity in a pooled-data analysis of over 10,000 patients. Given that germline testing has the best diagnostic yield for Lynch syndrome we felt it was important to determine at what point universal testing could be considered cost-effective. Our study provides valuable insight into a ''break-even'' point that would support up-front universal germline testing for all patients diagnosed with CRC. We found that as much as a 75 % reduction in the cost of germline testing would be required for universal germline testing-based screening to yield a favorable cost-effectiveness profile compared with RBGbased strategies. With the per-base cost of DNA sequencing continuing to fall and with the capacity of next-generation sequencing technology rapidly expanding, this threshold may be reached in the near future. The historically cumbersome and highly variable path to diagnosing LS may then be supplanted by a simple, uniform, and streamlined strategy that offers the highest possible diagnostic yield.
Our study has some limitations. As in other mathematical modeling studies, some of our estimates for the transition probabilities and costs were not grounded in highlevel evidence and could therefore be affected by variations or errors. However, we simulated a range of possibilities in the sensitivity analyses, and we reported that the main findings of the study in terms of strategies ranking of yields and cost-effectiveness ratios across different screening strategies were quiet robust. One exception is the comparison of strategies starting with parallel or sequential IHC, MSI, and BRAF, which was discussed above. Another conceptual limitation resides in the reliance on conventional economic principles where cost and effectiveness considerations are important for decision-making. However, these assumptions do not incorporate patient or physician preferences or beliefs that may overvalue factors, such as the ease, safety, availability, and rapidity of certain tests over others. For example, the eventual acceptability and hence the use of universal germline testing, even if it becomes cost-effective in modeling studies, may be different than it would be for a non-genetic test.
Our analysis was designed to identify the most costeffective strategy for diagnosing LS, but it did not assess downstream cost and benefit. Our models do not take into account costs associated with subsequent cancer treatment, prevention of secondary primary cancers, or prevention of at-risk family members. The strategies also did not consider the opportunity lost as a result of missing an LS case (e.g., possible late or delayed diagnosis in affected relatives) or the costs that may result after LS diagnosis (e.g., intensive surveillance). Our strategies did not factor in the cost savings of diagnosis for relatives who need only mutation-specific testing after a diagnosis is made in the index patient. The main outcome of the model was not included in quality-adjusted life years gained, and therefore, the findings cannot be directly compared with other cancer screening strategies. In addition, while we were able to account for some of the limitations of molecular tumor testing by changing the sensitivity and specificity values, and incorporating BRAF testing into our model, we could not account for variability in pathology interpretation. Lastly, it has been reported that epithelial cell adhesion molecule (EpCAM) deletions are detected in patients with suspected LS and absent MSH2 staining on immunohistochemistry. However, EpCAM testing was not included in this study because we felt that the data regarding prevalence of EpCAM deletions is limited and therefore would be challenging to accurately include this deletion in our model [20] . Finally, our model does explicitly not take into account patients with other familial CRC [21] Lynch-like syndrome. Lynch-like syndrome patients have MSI, but with no identifiable MMR mutation [22] . These patients and their family members often undergo the work up for LS. These patients may also be referred for testing of the tumor, if the suspicion is high and MMR mutation is not found. Including these patients would be a goal for future studies as more information about this entity becomes available.
Although the revised Bethesda Guidelines remain useful for screening CRC patients for LS, their inherent limitations as a history-based tool and their relatively low sensitivity raise serious concerns about their effectiveness, especially with the emergence of more sophisticated and definitive diagnostic tools. Using alternative screening strategies that incorporate up-front laboratory-based (tumor or germline) testing likely improve detection rates, but with increased cost. However, as the cost of DNAbased testing continues to decrease, germline testing for all CRC patients may soon become the most cost-effective, reliable, and reproducible screening tool for Lynch Syndrome. 
